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ORAL DELIVERY OF NUCLEIC ACID
VACCINES BY PARTICULATE COMPLEXES

RELATED APPLICATION

This application claims the benefit of Provisional Appli-
cation Ser. No. 60/071,679, filed Jan. 16, 1998.

TECHNICAL FIELD OF THE INVENTION

This mvention 1s related to the field of immunology and
allergic diseases. In particular 1t relates to the area of food
allergies.

BACKGROUND OF THE INVENTION

IcE 1s critical in the pathogenesis of various allergic
diseases, including type I immediate hypersensitivity (1),
and the best-characterized food-allergic responses 1nvolve
[gE-mediated responses (2). A failure to develop, or a
breakdown 1n, oral tolerance results i the production of
food-specific IgE Abs. IgE Abs and allergens activate mast
cells and basophils through the high affinity IgE receptor
(Fce RI), and systemic anaphylactic reaction are provoked
by histamine and other mediators released from activated
mast cells and basophils (3). Numerous clinical and experi-
mental animal studies have indicated the pivotal role of T
cells and cytokines 1n the development of IgE-associated
allergic diseases (4-5). In particular, a subset (Th2) of T
cells, which has been distinguished functionally by its
pattern of cytokine secretion, 1s thought to play a key role.
Th2 cells are thought to promote allergic responses through
their secretion of the cytokines,IL-4 and IL5, which promote
IgE production and mast cell development, and eosinophilia,
respectively. Cytokines released by the opposing pathway
(Th1), such as IFN-y, inhibit the development and expansion
of Th2 cells and cytokine production. These studies dem-
onstrate the importance of cytokines in the regulation of Th2
responses, and suggest potential therapeutic approaches to
modify the development of IgE- and Th2-associated pheno-

types.

Food allergy (including allergic reactions to nuts, egg,
milk, and seafood) is a major health problem because of the
potential severity of allergic reactions, the nature of the
allergic hypersensitivity, and the ubiquitous use of food
products. Recent surveys in the US determined that food
allergies are the most common single cause of anaphylaxis
treated in hospital emergency departments (6, 7). In both
reports, food-induced anaphylaxis accounted for about one-
third of anaphylactic cases, with peanuts and tree nuts
accounting for the majority of reactions to foods. It 1s
believed that about 100 fatal cases of food-induced anaphy-
laxis occur in the US each year (8), that peanuts are one of
the leading causes of food-allergic reactions (9, 10), and that
peanuts and tree nuts together represent the leading cause of
fatal and near-fatal food-induced anaphylaxis (6, 8, 11-12).

While food allergy has become recognized as an increas-
ing national health problem, the only proven treatment of
food allergy consists of educating the patient in the complete
avoldance of all possible sources of food allergens.
However, frequent accidental ingestions [up to 50% of
peanut allergic patients per year (13—14)] occur due to the
ubiquitous use of peanut protein in a variety of food prod-
ucts. Two small trials with standard rush immunotherapy for
peanut allergy demonstrated limited efficacy and unaccept-
able side effects (15). Given the large number of patients
with potentially fatal food allergy, the extreme difficulty in
avolding all food allergen exposure, and the lack of efficacy
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2

for standard immunotherapy, novel and effective therapeutic
strategies are urgently needed.

Utilizing a combination of oral and intraperitoneal (1.p.)
sensifizations, we have recently shown that C3H mice
develop peanut-specific IgE Abs and experience systemic
anaphylaxis upon challenge with peanut proteins (16). We
demonstrated that mice sensitized orally with peanut pro-

teins (PN) followed by 1.p. challenge with PN exhibit similar
features observed 1n allergic patients, including active sys-
temic anaphylaxis such as itching and pilar erecti; and with
sensifization using combined oral feeding and 1.p. 1injection
with adjuvants [cholera toxin (CTx) and alum, respectively],
the more severe symptoms including death were induced.
Several parameters of the hypersensitivity response 1n mice
can be monitored, mcluding symptom scores, levels of
serum specific IgE, and challenge-induced changes in
plasma histamine, mast cell degranulation and wvascular
leakage. As a corollary, Snider et al. (17) demonstrated that
oral sensitization of mice followed by 1.p. challenge with
hen ege lysozyme or OVA 1n the presence of CTX results 1n
fatal systemic anaphylaxis in 80% of sensitized mice. The
fatality was associated with elevated levels of plasma his-
tamine and degranulated mast cells in a number of target
organs. The finding that a more severe anaphylactic reaction
1s seen 1n mice sensitized and challenged with Ag and CTx
as an adjuvant 1s consistent with recent studies demonstrat-
ing that CTx can promote Th2-type responses (18—19).
These studies further suggest an i1mportant role for
Ag-induced IgE and Th2 responses i the development of
hypersensitivity, and provide a useful model to examine the
regulatory mechanisms of peanut-induced hypersensitivity,
and to explore the utility of the DNA-based immunization
approach.

Recent advances in the manipulation of the 1mmune
system utilizing “DNA-based immunization” has provided
an 1important and novel therapeutic approach in a variety of
human diseases (20). DNA-based immunization has been
used to generate and/or modily the host immune response,
with the ultimate purpose of preventing, reversing,
stabilizing, or slowing down the progression of disorders.
This approach 1n manipulating the 1mmune system has
ogenerated great interest by investigators searching for novel
approaches to protect the host against various diseases
(21-24). Injection of “naked” plasmid DNA (PDNA) encod-
ing Ag results 1n long-lasting cellular and humoral immune
responses to Ag (25). Successful immunization has been
demonstrated with administration of pDNA by
imntramuscular, intradermal, intravenous, and subcutaneous
routes (20, 26-28). It has been reproducibly demonstrated
that intramuscular injection of pDNA provoke long-term
immune responses characterized by the synthesis of speciiic
IeG Abs, and by the efficient generation of CD8+cytotoxic
T cells and CD4+Thl cells (29). Recent results have also
indicated that the pDNA persists episomally without repli-
cation or incorporation into the host cell genome (20). These
new and exciting developments thus show promise of safe
and effective therapy for various discases.

Using intramuscular gene delivery, Hsu et al (30—31) have
recently demonstrated that intramuscular injection of rats
and mice with a pDNA encoding a house dust mite allergen
(Der p 5) prevent the induction of IgE synthesis, histamine
release, and airway hyper responsiveness 1n animals chal-
lenged with aerosolized allergen. Raz et al. (32) showed that
B-galactosidase (f-gal)/alum-primed Balb/c mice immu-
nized intradermally with pDNA encoding p-gal show a
66—75% reduction 1n the level of p-gal-specific IgE 1n 6
weeks. Also this pDNA 1mmunization protocol induced
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specific IgG2a, and IFN-y secretion by the Th cells 1n the
B3-gal/alum-primed mice. However, despite the recent suc-
cess of DNA-based immunization in altering the IgE- and
Th2-associated immune response 1n various models, the
prophylactic and/or therapeutic potentials are far from clear,
and better, more eflicient, and safer gene transfer and gene
expression system by using improved DNA delivery sys-
tems are urgently needed.

Gene therapy continues to hold exciting promise in treat-
ing many genetic disorders [36,37]. Recent clinical trials
indicate that an efficient and safe delivery vehicle remains a
crucial barrier to successful gene therapy [38]. Viral and
retroviral vectors have been the most efficient and com-
monly used delivery modalities for 1n vivo gene transfer
|39-41]. However, issues of immune response to viral
proteins remain to be addressed. Non-viral delivery systems
have been increasingly proposed as alternatives to viral
vectors because of potential advantages such as ease of
synthesis, cell/tissue targeting, low immune response, and
unrestricted plasmid size.

The most promising non-viral gene delivery system thus
far, other than the “gene gun” 1n DNA vaccine applications,
comprises 1onic complexes formed between DNA and poly-
cationic liposomes [42—45]. Factors hindering the success of
the liposomal approach appear to be instability of the
complex, toxicity of the cationic lipid, and short half-life of
the complexed DNA. Held together by electrostatic
interaction, these complexes may dissociate because of the
charge screening effect of the polyelectrolytes 1 the bio-
logical fluid. A strongly basic lipid composition can stabilize
the complex, but such lipids may be cytotoxic. The fact that
the DNA 1s coated on the outside of the liposome renders the
DNA vulnerable to nuclease degradation in transit from site
of administration. to the nucleus of the target cell. A recent
pharmacokinetic study shows that a HLLA-B7 gene, when
delivered by DC-Chol/DOPE intravenously, has a half-life

of less than five minutes, and becomes undetectable after
one hour [46]. No encoded protein could be detected in
tissues harboring the residual plasmid by immunohis-
tochemical analysis at 1 or 7 days post-injection. This poor
bioavailability 1s not too surprising 1n light of similar
instability which 1s characteristic of many therapeutic pro-
teins. For example, interferons and several other cytokines
also have plasma half-lives 1n the order of minutes. The
therapeutic potential of many of these delicate polypeptides
has been 1improved by controlled release formulations.

Complex coacervation 1s a process of spontaneous phase
separation that occurs when two oppositely charged poly-
clectrolytes are mixed 1n an aqueous solution. The electro-
static interaction between the two species of macromol-
ecules results 1n the separation of a coacervate (polymer-rich
phase) from the supernatant (polymer-poor phase). This
phenomenon can be used to form microspheres and encap-
sulate a variety of compounds. The encapsulation process
can be performed entirely in aqueous solution and at low
temperatures, and has a good chance, therefore, of preserv-
ing the bioactivity of the encapsulant. In developing an
injectable controlled release system, we have used the
complex coacervation of gelatin and chondroitin sulfate to
encapsulate a number of drugs and proteins [47]. Cytokines
have been encapsulated 1n these microspheres for cancer
vaccination [48]. Anti-inflammatory drugs have also been
incorporated for inftra-articular delivery to the joints for
treating osteoarthritis [49]. It occurred to us that we could
replace chondroitin sulfate with DNA as the polyanion to
form microspheres with gelatin or other polycations.

Gelatin, the denatured form of collagen, 1s a polyam-
pholyte which gels below 35—-40° C. It is widely used in food
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(55%), pharmaceutical (25%), and photographic (15%)
industries [50]. At pH below 5, it is positively charged and
can complex with DNA to form a coacervate. After
crosslinking, the coacervate 1s stable 1n solution of high
ionic strength. Chitosan 1s a bioabsorbable, non-toxic,
polysaccharide with low. immunogenicity. The polysaccha-
ride has an average amino group density of 0.837 per

disaccharide unit. It has been proposed as a matrix for
controlled release microsphere formulation and as a stabi-
lizer for alginate capsules encapsulating cells.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a vaccine
preparation suitable for oral administration.

It 1s another object of the present invention to provide a
method of 1mmunizing a mammal by ingestion of the
vaccine.

These and other objects of the invention are achieved by
providing a vaccine formulation which 1s suitable for oral
ingestion. The vaccine comprises a solid nanoparticle of less
than 5 um comprising a coacervate of a polymeric polyca-
fion and a polyanion, wherein the polyanion consists of
nucleic acids encoding an antigen. A pharaceutically accept-
able vehicle may be used as a carrier.

According to another embodiment a method 1s provided
of vaccinating a mammal against an antigen. The method
comprises: orally administering a vaccine formulation com-
prising a solid nanoparticle of less than 5 um. The nanopar-
ticle comprises a coacervate of a polymeric polycation and
a polyanion. The polyanion consists of nucleic acids encod-
Ing an antigen.

These and other embodiments provide the art with new
tools for simply and effectively vaccinating people and other
mammals against inter alia viral, parasitic, fungal, and
bacterial diseases. Environmental and food allergens can
also be used as the antigens.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Immune response mn AKR/J mice orally immu-
nized with various formulations of DNA-chitosan nano-
spheres and naked DNA encoding the Peanut allergen. Top
panel: IgG response 1n serum 4 and 6 weeks after immuni-
zation. Purified mouse IgG was used as standard to calculate
titer (ng). Bottom Panel: IgA response 1n fecal extract 3 and
4 weeks after immunization. O.D valuse at 490 nm 1s
reported here for undiluted sample (supernatant of 100
mg/ml fecal pellets dissolved in PBS). Each bar represents
values of pooled samples from eight animals (five in case of
negative controls).

FIG. 2. Protection Studies. Sham-fed and pArah2-
nanospheres 1mmunized AKR/J mice were sensitized four
fimes, one week apart, with oral and intra-peritoneal doses
of crude peanut extract. Following sensitization the mice
were challenged with 1 mg/mice intra-peritoneal dose of
pure Arah2 protein and examined for anaphylactic response
over a period of time. Right panel: Grade of anaphylaxis of
mice over a period of one hour. Left panel: Comparison of
different groups 30 minute after challenge. C390=High
molecular weight chitosan. PCL113=Low molecular weight
chitosan. Each circle represents one mouse.

FIG. 3. FIG. 3a. shows a transmission electron micro-
oraph of chitoson-DNA nanoparticles. Freshly prepared
particles were adsorbed on a glow discharged carbon grid,
air-dried and rotary shadowed with platinum at 7°. The grid
was viewed under a Zeiss transmission electron microscope
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(Carl Zeiss Inc. USA). Scale Bar=210 nm. FIG. 3b. shows
size distribution of freshly prepared nanoparticles. Size was
measured using photon correlation spectoscope (dynamic
light scattering) using a Malvern Zetasizer 3000, (Malvern
Instruments Inc.) Data was analyzed in the “automatic”

analysis mode and plotted as number distribution.

FIG. 4. Beta-galactosidase expression 1n mouse stomach
and small intestine 5 days after oral delivery of LacZ gene.
Mice were sacrificed and the stomach and small intestine
were surgically removed, stained for LacZ using X-gal and
photographed as described in Materials and Methods.

FIG. 4a. Whole tissue staining for LacZ. Only stained

sections are shown. The groups are:

1: High molecular weight chitosan—p43LacZ
nanospheres, 40 (g per mouse

2. High molecular weight chitosan—p43LacZ
nanospheres, 100 ug per mouse

3. Naive (PBS fed)

4. Naked DNA (p43LacZ)

FIG. 4b. Histological sections from tissues of 1 (in FIG.
2a). The nucleic were counter stained with nuclear fast red.
FIG. §. FIG. 5a. shows Anti-Arah2 IgA response in fecal
extract 3 and 4 weeks after first immunization. O.D values
of 490 nm are reported here for undiluted sample
(supernatant of 100 mg/ml fecal pellets dissolved in PBS as
described in Methods). Each bar represents values of pooled
samples from eight mice (five in case of negative controls).
FIG. 5b. shows serum anti-Arah-2 IgG2a levels before
sensitization (4 weeks after first immunization). Blood was
collected from tail veins and the serum was assayed using
Arah-2 specific ELISA (anti-DNP mAb IgG2a as standards
as described in Methods). Each Bar represents pooled
samples from 5 mice (2 for non-immunized) measured in
duplicate. FIG. Sc. shows increase in serum anti-Arah-2 IgE
following sensitization. Serum was collected from the same
animals 4 weeks after first immunization (before
sensitization) and after 3 sensitization. IgE levels were
measured (anti-DNP mAb IgE as standards as described in
methods) using ELISA. Each bar represents the difference
between post and pre-sensitization levels of IgE 1 pooled
serum from 5 mice/group (2 for non-immunized).

In all figures G1: Mice immunized with chitosan-pArah?2
nanoparticles (single dose). G2: Mice immunized with two
doses (one week apart) of chitosan-DNA nanoparticles. G3:
Mice immunized with naked pArah2. G4: Non-immunized
mice.

FIG. 6. Average anaphylactic response (from two separate
experiments) of six mice following Arah2 challenge. Con-
trol and chitosan-pArah2 nanosphere-immunized mice were
sensitized 3 times, one-week apart, with oral and 1.p. doses
of crude peanut extract. Following sensitization, mice were
challenged 1.p. with 200 ug/mouse of recombinant Arah?2
protein and examined for anaphylactic response over a
period of time as indicated. Anaphylaxis was classified by
the following scoring system: 0, no sign of reaction; 1,
scratching and rubbing around the nose and head; 2,
decreased activity with an increasing respiratory rate, pilar
erect and/or puiling around the eyes; 3, labored respirations,
cyanosis around the mouth and tail; 4, slight or no activity
after prodding or tremors, convulsion; 5, death. G1: Mice
immunized with chitosan-pArah2 nanoparticles (single
dose). G2: Mice immunized with two doses (one week apart)
of chitosan-DNA nanoparticle. G3: Mice immunized with
naked pArah2. G4: Non-immunized mice.

FIG. 7. FIG. 7a. shows levels of plasma histamine
(average of 2 mice) in immunized or control mice following
sensitization and challenge (as described in Methods).

10

15

20

25

30

35

40

45

50

55

60

65

6

10—-15 min following challenge blood was collected from the
optic artery and the plasma was assayed for histamine levels
using a competitive ELISA based histamine kit
(Immunotech Inc., USA). FIG. 7b. shows vascular leakage
assay: Immunized and control mice were mnjected with 200
ul of Evan’s blue immediately prior to challenge. Intra-
peritoneal challenge with Arah2 was performed as described
in Materials and methods and mice were monitored for

vascular leakage in the extremities. Blue color (G3, naked
DNA immunized) in peripheral tissues indicate dye leakage
through the vascular bed due to increased capillary perme-
ability as a result of anaphylactic or allergic response.
Absence of blue color (G1 and G, chitosan-pArah-2-
nanosphere immunized mice with or without boost) indi-
cates absence of anaphylactic vascular leakage.

DETAILED DESCRIPTION

The disclosures of prior U.S. patent applications Ser. Nos.
08/265,966, and 08/657,913 are expressly incorporated
herein.

Our novel approach of using DNA nanospheres for oral
administration has demonstrated the general utility of oral
DNA-based immunization. The induced response may be
cither or both humoral or cellular. It may be used for
inducing any type of immune response desired. This may be
against bacterial, viral, fungal, parastic, or tumor-associated
antigens.

Any type of expression construction can be used to obtain
expression 1n the vaccinated mammal of the antigen gene.
Typically the gene will be operably linked to a promoter
which 1s active 1n the recipient cells. Viral promoters, such
as CMYV are particularly useful for this purpose, although
any known promoter can be used. The gene or oligonucle-
otide encoding the antigen can be 1n the form of RNA, DNA,
cDNA.

The antigen can be any known 1n the art, including but not
limited to an allergen, particularly a food allergen, or a
bacterial, viral, fungal, parastic, or tumor-associated antigen.

The crucial aspect of the invention 1s the administration of
the vaccines by the oral route. Thus the formulation may be
any which 1s safe and healthy for oral ingestion. Preferably
the formulation contains no toxic substances. If 1n a liquid
form, sterility may be desired. The form of the vaccine may
be as a tablet, capsule, liquid, elixir, powder, granules, etc.
It may be admixed with food or drink. It may seli-
adminstered for added convenience rather than requiring the
expense of a health professional for administration as is
often required for injections and other inocculations.

It 1s preferred that the nanospheres be less than 5 microns.
More preferred are nanospheres of less than 3 microns, and
even more proifered are nanospheres which are less than 2,
1, 0.5, and 0.1 microns. While size can be effected by the
conditions of coacervation and the size of the component
polyanion and polycation, nanospheres of the desired size
can also be size selected using a technique which separates
the nanospheres on the basis of size. The particles can be
size-fractionated, ¢.g., by sucrose gradient ultracentrifuga-
tion. Particles with size less than 150 nanometers can access
the imterstitial space by traversing through the fenestrations
that line most blood vessels walls.

The polymeric polycation from which the coacervate 1s
formed can be any which is biologically degradable, and
sate for oral ingestion. This includes, but 1s not limited to
oelatin and chitosan. Polyamino acids, synthetic or naturally
occurring, can also be used, such as polylysine, poly-lysine-
poly-arginine, polyarginine, protamine, spermine,
spermidine, etc. Polysaccharides may also be used.
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Targeting ligands, 1f desired, can be directly bound to the
surface of the nanosphere or can be 1indirectly attached using
a “bridge” or “spacer”. Because of the amino groups pro-
vided by the lysine groups of the gelatin, the surface of the
nanospheres can be easily derivatized for the direct coupling
of targeting moieties. For example, carbo-diimides can be
used as a derivatizing agent. Alternatively, spacers (linking
molecules and derivatizing moieties on targeting ligands)
such as avidin-biotin can be used to indirectly couple
targeting ligands to the nanospheres. Biotinylated antibodies
and/or other biotinylated ligands can be coupled to the
avidin-coated nanosphere surface efficiently because of the
high affinity of biotin (k10" M™") for avidin (Hazuda, et
al., 1990, Processing of precursor interleukin 1 beta and
inflammatory disease, J. Biol. Chem., 265:6318-22;
Wilchek, et al., 1990, Introduction to avidin-biotin
technology, Methods In Enzymology, 184:5-13).
Orientation-selective attachment of IgGs can be achieved by
biotinylating the antibody at the oligosaccharide groups
found on the F_ portion (O’Shannessy, et al., 1984, A novel
procedure for labeling immunoglobulins by conjugation to
oligosaccharides moieties, Immunol. Lett., 8:273-277). This
design helps to preserve the total number of available
binding sites and renders the attached antibodies less immu-
nogenic to F_ receptor-bearing cells such as macrophages.
Spacers other than the avidin-biotin bridge can also be used,
as are known 1n the art. For example, Staphylococcal protein
A can be coated on the nanospheres for binding the F_
portions of immunoglobulin molecules to the nanosphetes.

Cross-linking of linking molecules or targeting ligands to
the nanosphere 1s used to promote the stability of the
nanosphere as well as to covalently afix the linking mol-
ecule or targeting ligand to the nanosphere. The degree of
cross-linking directly affects the rate of nucleic acids
released from the nanospheres. Cross-linking can be accom-
plished using glutaraldehyde, carbodiimides such as EDC
(1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, DCC
(N,N'-dicyclohexylcarbodiimide), carboxyls (peptide bond)
linkage, bis (sulfosuccinimidyl) suberate,
dimethylsuberimidate, etc.

Targeting ligands according to the present invention are
any molecules which bind to specific types of cells 1n the
body. These may be any type of molecule for which a
cellular receptor exists. Preferably the cellular receptors are
expressed on speciiic cell types only. Examples of targeting
ligands which may be used are hormones, antibodies, cell-
adhesion molecules, saccharides, drugs, and neurotransmit-
ters.

The nanospheres of the present invention have good
loading properties. Typically, following the method of the
present invention, nanospheres having at least 5% (w/w)
nucleic acids can be achieved. Preferably the loading is
oreater than 10 or 15% nucleic acids. Often nanospheres of
oreater than 20 or 30%, but less than 40 or 50% nucleic acids
can be achieved. Typically loading efficiencies of nucleic
acids 1nto nanospheres of greater than 95% can be achieved.

The method of the present mmvention 1nvolves the coac-
ervation of polymeric cations and nucleic acids. Because
this process depends on the interaction of the positively
charged polymeric cations and the negatively charged
nucleic acids 1t can be considered as a complex coacervation
process. However, sodium sulfate (or ethanol) induces the
coacervation reaction by inducing a phase transition, and
therefore 1t could also be considered as a simple coacerva-
tion reaction. Nucleic acids are present in the coacervation
mixture at a concentration of between 1 ng/ml to 500 ug/ml.
Desirably the nucleic acids are at least about 2-3 kb 1in
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length. Sodium sulfate 1s present at between 7 and 43 mM.
Gelatin or other polymeric cation 1s present at between about
2 and 7% 1n the coacervation mixture.

Nanosphere delivery vehicles synthesized by the complex
coacervation of DNA with either gelatin or chitosan have
several potential attractive features: 1) ligands may be
conjugated to the nanosphere for targeting or stimulating
receptor-mediated endocytosis; 2) lysosomolytic agents can
be 1ncorporated to reduce degradation of the DNA 1n the
endosomal and lysosomal compartments; 3) other bioactive
agents or multiple plasmids can be co-encapsulated; 4)
bioavailability of the DNA can be improved because of
protection from serum nuclease degradation by the matrix;
5) the nanosphere can be lyophilized for storage.

An attractive nanosphere delivery system requires a deli-
cate balance among factors such as the simplicity of
preparation, cost effectiveness, nucleic acids loading level,
controlled release ability, storage stability, and immunoge-
nicity of the components. The gene delivery system
described here may offer advantages compared to other
particulate delivery systems, mcluding the liposomal sys-
tem. The problems of instability, low loading level, and
controlled release ability are better resolved with the poly-
meric nanosphere systems. Gelatin has received increasing
biologic use ranging from surgical tissue adhesive
(Weinschelbaum, et al., 1992, Surgical treatment of acute
type A dissecting aneurysm with preservation of the native
aortic valve and use of biologic glue. Follow-up to 6 years,
J. Thorac. Cardiovasc. Surg., 130:369-74) to quantitative
immunohistochemical assays (Izumi, et al., 1990, Novel
oeclatin particle agglutination test for serodiagnosis of lep-
rosy in the field, J. Clinical Microbiol., 28:525-9) and as
drug delivery vehicle (Tabata, et al., 1991, Effects of recom-
binant alpha-mterferon-gelatin conjugate on 1n vivo murine
tumor cell growth, Cancer Res., 51:5532-8), due to its
biocompatibility and enzymatic degradability 1n vivo. Com-
pared to other synthetic polymeric systems, such as the
extensively studied polylactic/polyglycolic copolymers, the
mild conditions of nanosphere formulation are appealing.
Unlike the solvent evaporation and hot-melt techniques used
to formulate synthetic polymeric nanospheres, complex
coacervation requires neither contact with organic solvents
nor heat. It 1s also particularly suitable for encapsulating
bio-macromolecules such as nucleic acids not only through

passive solvent capturing but also by direct charge-charge
interactions.

Unlike viral vectors, which cannot deliver genes larger
than 10 kb, the nanosphere delivery system of the present
invention does not have such size limitations. Nucleic acid
molecules of greater than about 2 kb can be used, and
nucleic acid molecules even greater than 10 kb may be used.
Typically the nucleic acid will be greater than 300 bases, and
typically greater than 0.5, 1, 2, 5, or 10 kb. Typically the
nucleic acid molecule will be less than 200, 100, or 50 kb.

The above disclosure generally describes the present
invention. A more complete understanding can be obtained
by reference to the following speciiic examples which are
provided herein for purposes of illustration only, and are not
intended to limit the scope of the invention.

We have evaluated the modulation of peanut allergen (as
a model allergen)-induced hypersensitivity using an oral
chitosan/DNA-based immunization approach. The model
for this study 1s the hypersensitivity responses to peanut
allergens in an inbred strain of mice (C3H), in which several
quantitative parameters of hypersensitivity have been
established, and a significant induction of the immune
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response has. been demonstrated following gene 1mmuni-
zation. This system demonstrates that antigens can be deliv-
ered to the systemic circulation of the animal by oral
administration of a DNA.

EXAMPLE 1

Materials: Approximately 6—7 weeks old inbred strains of
C3H and AKR/J mice were purchased from Charles River
Laboratories, Massachusetts. Plasmid encoding the peanut
allergen Arah2 (pArah2) was grown 1n a large scale by PEG
method. High molecular weight chitosan (C390, Mw ~390,
000) and low molecular weight chitosan (PCL113, Mw
~60,000-100,000) were used as the polycation to complex
with the DNA.

Gene expression construct: pCR3Arah2: Burks et al
(33—34) have identified two major protein fractions in
peanuts, Ara hl (63.5 kD) and Ara h2 (17 kD), and over 95%
of peanut allergic patients are sensitive to these proteins. We
have generated an Ara h2 gene construct, pCR3Arah2 in an
expression vector (pCR3). A PCR-amplified Ara h2 coding
region gene segment with the addition of a Kozak consensus
translation codon was ligated into pCR3 expression vector
containing CMYV promoter sequence.

Nanosphere preparation: Briefly, DNA-chitosan nano-
spheres were prepared as described previously. Briefly, a
0.02% solution of chitosan (pH 5.7 in NaAc-HOACc buffer)
1s vortexed with a 50 ug/ml DNA solution 1n 50 mM Sodium
Sulfate at 55° C. for 15-20 seconds. For the low molecular
welght chitosan the concentration was changed to 0.04% 1n
deionized water (pH adjusted to 5.7) and the salt concen-
fration was 5 mM Sodium Sulfate.

Oral delivery: All nanospheres were prepared fresh before
administration and kept at room temperature.
Un-anesthetized mice were fed different formulations of
nanospheres and “naked” DNA at a dose of 50 ug DNA per
mice. Feeding (intra-gastric delivery) was performed using
a 1 ml syringe fitted with an animal feeding needle (Fisher
Scientific, USA). The feeding volume was 1 ml for each
mice.

Experimental. Protocols: The study was divided 1nto two
experiments: the first to examine the 1mmune response at
different time points after vaccination and the second to
study the protection efficacy of the immunization protocol.
In the first study the experimental groups were as follows:
Group 1: Single dose of high molecular weight chitosan-
pArah2 nanospheres, Group 2: One dose of high molecular
welght chitosan-pArah2 nanospheres followed by a booster
shot after 2 weeks, Group 3: Single dose of low molecular
welght chitosan-pArah2 nanospheres, Group 4: One dose of
low molecular weight chitosan-pArah2 nanospheres fol-
lowed by a booster shot after 2 weeks, Group 5: Naked DNA
(pArah2), Group 6: Single dose of low molecular weight
chitosan-pEGFP (plasmid encoding the firefly green fluo-
rescence protein, Clontech Inc, USA) nanospheres and
Group 7: Naive mice fed with phosphate buffered saline
(PBS). In the second experiment the study groups were:
Group 1: One dose of high molecular weight chitosan-
pArah2 nanospheres followed by a booster shot after 2
weeks, Group 2: One dose of low molecular weight
chitosan-pArah2 nanospheres followed by a booster shot
after 2 weeks, Group 3: Single dose of low molecular weight
chitosan-pArah2 nanospheres, Group 4: naive mice fed with

PBS.

Sample collections and measurements: For the first study
serum and fecal extracts were collected at different time

points after the first 1mmunization. Briefly, for serum
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collection, 1 ¢ul of blood was collected from the tail vein of
cach mice, clotted at room temperature for one hour and then
centrifuged at 1000 rpm for 25 min. The resulting superna-
tant (serum) was stored at —80° C. till antibody measure-
ments were performed. For fecal extracts, one or two drops
of fresh fecal pellets were collected, weighed and dissolved
in PBS (100 mg/ml). The debris were centrifuged at 14,000
rpm for 25 min and the supernatant was stored at —=80° C. for
measurements. Anti-Arah2 specific IgG or IgA levels 1n
serum and fecal extract were measured using an antigen
specific ELISA (Enzyme linked Immuno-sorbent Assay).
Microtiter plates were coated overnight with 10 ug/ml (100
ul) of purified Arah2 protein in sodium carbonate-
bicarbonate buffer. Plates were blocked for 2 hrs in room
temperature with 4% bovine serum albumin, 2% normal
cgoat serum 1n PBS and then incubated with serial dilutions
of serum or fecal extract for 18 hrs following the incubation,
biotinylated anti-IgG or anti-IgA added to the wells for 1 hr
at 37° C. The plates were then incubated with HRP conju-
cated streptavidin for 30 min at room temperature and
developed with o-phenyladeneline (OPD). Absorbances
were read at 490 nm using a microplate reader (Bio-Rad
Lab., USA). IgG titers were measured by coating the plates
with different concentrations of mouse IgG followed by the
biotinylated antibody and subsequent steps. IgA data was
expressed as O.D. values.

Challenge and protection study: Two weeks following the
booster dose 1.e., four weeks after the first immunization all
mice were sensitized orally and intra-peritoneally with crude
peanut extracts. Sensitization was performed 3 more times
onc week apart. Following sensitization, mice were chal-
lenged 1ntra-peritoneally with 1 mg of purified Arah2 protein
and anaphylactic response was observed and graded as
described below. Peanut-induced hypersensitivity in C3H
mice:

An 1nbred strain of mice, C3H, has been shown to exhibait
immediate hypersensitivity following sensitization with
OVA together with CTx as an adjuvant (17). To examine the
cifect of oral sensitization of C3H mice with peanut allergen
extracts (PN), we have performed studies using. various
sensitization protocols, and developed quantitative param-
eters for measuring PN-induced hypersensitivity (16).
Symptoms of anaphylaxis became apparent in mice 5 to 10
min, peaked at 30 to 50 min, after Ag challenge. The severity
of symptoms was determined by observing mouse behavior
post-challenge, and was scored by their responses to stimuli
such as mild prodding. Anaphylaxis was classified by the
following scoring system: 0, no sign of reaction; 1, scratch-
ing and rubbing around the nose and head; 2, decreased
activity with an increasing respiratory rate, pilar erecti
and/or puiling around the eyes; 3, labored respirations,
cyanosis around the mouth and tail; 4, slight or no activity
after prodding or tremors, convulsion; 5, death. This scoring,
system was established based on our previous experiments
and a modified scoring system used previously (35).

Results 1n FIG. 1 shows that there were positive antibody
responses 1n groups immunized by the DNA nanospheres.
Most importantly, the hypersensitivity study shows that
significantly 1improved response 1n terms of symptoms of
anaphylaxis in mice immunized by the DNA nanospheres

(FIG. 2).

EXAMPLE 2
Materials
Chitosan (Mw ~390,000) was purchased from Vansen
Inc., WA, USA. To generate an expression gene construct
containing a major peanut allercen gene, Arah2, a PCR-
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amplified Arah2 coding region gene segment (kindly pro-
vided by Dr. G. Bannon, University of Arkansas) with the
addition of a Kozak consensus translation codon was ligated
into pCR3 expression vector containing CMV promoter/
enhancer sequences. The resultant expression construct was
designated as pCMYV Arah2. Plasmid encoding
B-galactosidase (p43LacZ) was a gift from Dr. Barry Byrne,
University of Florida. 4-5 weeks old male AKR/J mice were

obtained from Jackson Laboratories Massachusetts, USA.
Methods
Nanoparticle Formulation

Nanoparticles were made with chitosan and DNA as
described before **. Briefly, 10 ug of plasmid was added to
100 ul of sodium sulfate and heated to 55° C. Chitosan
(0.02%) was also heated to the same temperature and 100 ul
of chitosan was added to the DNA-sodium sulfate solution
while vortexing at high speed for 20 sec. Particles were
examined immediately under light microscope and stored at
room temperature
Particle Characterization

The particles were characterized by size and zeta-
potential using a Zetasizer 3000, Malvern Instruments Inc.,
Massachusettes, USA. The number distribution of particle
size as analyzed by the zetasizer and the zeta-potential (pH
5.7) as measured in an aqueous dip cell was used for quality
control of the nanoparticles. These particles were further
characterized by transmission and scanning electron micro-
oraphy. For TEM freshly prepared particles were placed on
a glow discharged carbon grid, allowed to sit for a few
minutes and then air-dried. The grid rotary shadowed at 7
degrees with plantinum. A Zeiss transmission electron
microscope was used to visualize the particles. For SEM,
cells were grown on coverslips and mcubated with nano-
spheres for 10 min. Following incubation they were fixed,
dehydrated 1n graded ethanol, critical point dried for several
cycles and sputter coated with platinum. The particles on
cell surface were than visualized through a scanning electron
MI1Croscope.
Gene Expression

AKR/J mice were fed with either chitosan-DNA nano-
particles containing the LacZ gene (p43LacZ) or with naked
plasmid DNA (p43LacZ) using animal feeding needles. Five
days later the animals were sacrificed and their stomachs and
small intestines were surgically removed. The whole tissues
were stained with 4-chloro-5-bromo-3-indolyl-3-
galactoside (X-Gal) according to standard protocols. Fol-
lowing overnight staining mm a humidified chamber, the
fissues were photographed at Pathology Photography, Johns
Hopkins Hospital. The pictures were scanned mnto a com-
puter and adjusted equally for brightness and contrast using,
Adobe Photoshop. The tissues were then frozen in OCT and
cut 1nto thin sections. The sections were counter stained with
nuclear fast red and visualized under a light microscope
equipped with a digital camera. Pictures were adjusted
equally for brightness and contrast in Adobe Photoshop.
Immunization

AKR/J mice were divided into different experimental
oroups and immunized orally with various formulations
using animal feeding needles (Fisher Scientific Inc., USA)
attached to a one ml syringe. Each mouse was fed with a ~50
g DNA dose in a volume of 500-900 ul (depending upon
the formulations). The anaphylactic protection experiments
were repeated with different experimental and control
oroups. Blood and fecal extract were collected from 1mmu-
nized and control mice to measured secreted IgA levels 1n
fecal extract, serum IgG2a, increase 1n serum IgE pre vs.
post immunization and release of plasma histamine follow-
ing Ag challenge.
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Collection of Serum and Fecal Extract

Blood was collected at 4 weeks (before sensitization) and
7 weeks (immediately after sensitization but before
challenge) through tail vein bleeding from different groups
of mice. After 30 min to 1 hr at room temperature the blood
was centrifuged at 4° C. for 25-30 min and serum
(supematant) was collected and stored at -80° C. until
further measurements. Fecal pellets were also collected from
the same groups of mice at 3 and 4 weeks after immuniza-
tion and frozen at —-80° C. for further measurements.
Sensitization for Peanut Allergy

All mice were sensitized three times, one week apart, with
crude peanut extract. Each sensitization was performed over
two consecutive days; first day by oral administration of 1
mg crude peanut extract with 10 u«g cholera toxin per mouse
and the second day by 1.p. administration of 0.5 ug extract
per mouse with aluminum hydroxide as adjuvant. In both
cases the administration volume was 200 ul per mouse.
ELISA Measurements

ELISA was performed on serum collected pre and spot
sensitization to determine IgE and IgG2a levels and on fecal
extracts to measure secretory IgA. Brielly, plates were
coated with HAS-DNP standards or Arah2 protein (10
ug/ml) at 4° C. overnight. Blocking was performed for 2 hrs
at 37° C. with 1% BSA-PBST. Serum samples were pooled
for each group, was added in duplicate (1:5 dilution for IgE
and 1:20 for IgG2a), and incubated overnight at 4° C.
Biotinylated anti-mouse IgA, IgE and IgG2a were added
followed by the addition of streptavadin-HRP and TMB
substrate. The plates were read at 450 nm 1n a microplate
manager (Bio Rad, USA). For histamine measurements
immunized and control mice were challenged with purified
Arah2 and after 12—-15 min blood was collected from the
optic artery and the plasma was assayed for histamine levels
using a competive ELISA based histamine kit (Immunotech

Inc., USA).
Challenge with Arah2 Protein

First, non-immunized (sensitized) mice were challenged
1.p. with 200 ug of Arah2 protein. Anaphylactic reactions
were graded at different time points according to previously
reported contentions. Briefly the following grading protocol
was observed. Anaphylaxis was classified by the following
scoring system: 0, no sign of reaction; 1 scratching and
rubbing around the nose and head; 2, decreased activity with
an increasing respiratory rate, pilar erecti and/or puiling
around the eyes; 3, labored respiration, cyanosis around the
mouth and tail; 4, slight or no activity after prodding or

tremors, convulsion; 5, death.
Vascular Leakage Study

Anaphylactic vascular leakage was measured using
Evan’s blue assay. Briefly 200 ul of Evan’s blue dye was
injected 1nto the tail vein of mice and immediately followed
by an 1.p challenge of 200 ug Arah2. Mice were monitored
for 45 min and sacrificed to record effect of anaphylactic
vascular leakage as judged by blue color 1n the extremities.
Mice that develop anaphylaxis have blue extremities due to
vascular leakage while immunized mice that are protected
from anaphylaxis are expected to have no/reduced blue
color. Photograph was taken using a Nikon camera and
developed as Ektachrome slides. The slide was scanned 1n,
enlarged and adjusted for brightness and contrast using
Adobe Photoshop.
Results
Nanoparticle Synthesis and Characterization

The nanoparticles were synthesized by complexing high
molecular weight (~390,000) chitosan with pDNA. Uniform

particles were obtained by adding 0.02% chitosan, pH 5.7 (at
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55° C.) into pDNA (50 ug/ml in 50 mM sodium sulfate)
under high speed vortexing. Transmission and scanning
clectron microscopy shown that freshly prepared particles
are approximately 150—-300 nm 1n size and fairly spherical
(FIG. 3a). We have also demonstrated previously ** that the
plasmid 1s partially protected from DNase degradation in
this formulation and its gel migration properties are
unchanged by the complexation process (results not shown).
Dynamic light scattering (Malvern Zetasizer 3000) measure-
ments shown an unimodal number average particle size
distribution between 100-200nm (FIG. 3b). The zeta-
potential 1s approximately +10 mV at pH 5.7 and close to
neutral at pH 7. This suggests that the particles are likely to
be positively charged at gastric and early duodenal pH but
neutral thereafter at more physiological or alkaline pH.
Gene Expression Studies

To examine the expression and the distribution of trans-
duced genes following oral DNA delivery, AKR/J mice were
fed with either chitosan-DNA nanoparticles containing the
LacZ gene (p43LacZ) or with naked plasmid DNA
(p43LacZ). FIG. 4a shows the tissue expression of bacterial
B-galacotosidase (LLacZ) in the stomach and small intestine
five days after the oral administration. The stained sections
represent, on average, 10% of the whole small intestine.
While naive and naked DNA fed mice show some back-
oround staining, mice fed with the nanoparticles clearly
exhibited a higher level of gene expression i both the
stomach and the small intestine. FIG. 4b shows frozen
sections of the whole tissue (shown in 4a) counter-stained
with nuclear fast red. Historically it appears that only
epithelial cells 1 both the stomach and small intestine are
strongly stained with X-gal. No staining of hematopoietic
cells was observed although immunohistochemistry may not

be sensitive enough to identily few transfected immune
cells.
Anti-Arah2 Antibody Response

To 1vestigate the potential utility of oral nanoparticle-
mediated gene immunization to modulate mucosal immune
response, a murine model of peanut allergen-induced hyper-
sensitivity was used. It has been demonstrated previously *2,
that susceptible strains of mice develop anaphylactic reac-
tions with features similar to those observed in allergic
patients. The induction of anaphylaxis was achieved by a
combined oral and intraperitoneal (i.p.) sensitization with
crude peanut extract and adjuvants [cholera toxin (Ctx) and
alum, respectively|, followed by 1.p. challenge with recom-
binant Arah2. The hypersensitivity responses include the
induction of specific IgE Abs, histamine, vascular
permeability, and active systemic anaphylaxis. Using this
model, we first examined whether oral delivery of nanopar-
ticles containing pCMYV Arah?2 was able to induce significant
immune response. Four weeks after the first immunization,
significant differences 1n the levels of secreted and serum
antibodies were observed between nanoparticle-immunized
and control (PBS fed or naive) or naked DNA (pCMV
Arah2) immunized mice (FIGS. 5a,b,¢). Mice immunized
with pCMYV Arah2-nanoparticles showed increased levels of
secretory IgA 1n fecal extracts, indicating induction of
mucosal immune response. In addition, a significant induc-
fion of serum anti-Arah2 IgG2a was observed 1in
nanoparticle-treated animals, indicating a Thl type T cell
response. Of significance 1s the finding that mice receiving
pCMYV Arah?2 alone (naked DNA) without chitosan show no
detectable levels of either fecal IgA or serum IgG2a
response at any time points. Since allergic reactions are
primarily characterized by an increase 1n Ag specific serum
IgE levels, we also measured the levels of anti-Arah2 serum
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IgE pre and post sensitization 1n the immunized and control
mice. The increase in serum IgE (post minus pre) was
significantly less pronounced 1n the nanoparticle-immunized
oroups compared to that in the control or naked DNA
immunized animals.
Protection of Immunized Mice Against Arah2 Challenge

FIG. 6 shows the anaphylactic response (in two separate
sets of experiments) immediately following i.p. challenge
with Arah?2 protein 1n immunized and control mice one week
after the third sensitization with PN. Mice receiving sensi-
fization alone without prior immunization or treated with
naked DNA (PCMYV Arah2) showed physical signs of ana-
phylaxis within 10-20 min of challenge. The symptoms
included slight or no activity after prodding, spasmodic
labored breathing with retractions and sometimes death. The
severity was ranked 3 to 5 1n the scoring system. In contrast,
significantly less severe (score 0—2) and delayed anaphylac-
tic responses were seen 1n chitosan-pCMYV Arah2-
immunized animals following challenge. All animals recov-
ered 1n about two hours. In the second set of experiments,
when challenged after three sensitization one mouse from
cach immunized and control groups had sudden death that
did not appear to be anaphylactic. This phenomenon was not
observed 1n the first set of challenge experiments. The
anaphylactic responses of the remaining mice were similar
to the first set of experiments and significant delay and
decrease were observed 1n the nanoparticle-immunized ani-
mals as described above.
Plasma Histamine Levels and Vascular Leakage

Histamine release from degranulated mast cells and an
increase 1n vascular permeability are two of the important
parameters that characterize anaphylaxis. To examine
whether the delayed and less severe PN-induced anaphylac-
fic response seen. 1n nanoparticle-immunized mice was
assoclated with modulation of histamine release, plasma
histamine levels of PN-sensitized, immunized and control
mice were assayed 10—15 min following Arah2 challenge.
FIG. 7a shows that the histamine level. 1n the single-dose
immunized group was significantly lower than the control
oroup. The nanoparticle-booster group, which showed par-
tial protection, however did not exhibit any significant
reduction 1 histamine level. To determine changes 1n the
level of vascular permeability upon challenge, Evan’s blue
dye was 1njected through the tail vein of mice from different
experimental groups prior to PN challenge. FIG. 7b shows
leakage of Evan’s blue from peripheral vasculature (skin and
feet). Mice and chitosan-DNA immunized groups show
significantly less leakage (i.e. blue color in the footpad and
skin) compared to mice from the control and naked DNA
immunized groups.
Discussion

This study demonstrates that chitosan-pDNA nanopar-
ticles delivered through the oral route can modity the
immune system 1n mice and protect against food allergen
induced hypersensitivity. One of the primary attractions of
such an oral vaccine 1s its potential to generate mucosal as
well as systemic immunity. The mucosal immune system 1s
not only geared to protect antigenic entry to the systemic
immune system but also be unresponsive to food antigens.
Peanut allergy 1s a “mucosal discase” in which the usually
unreactive 1mmune system becomes hypersensitive to the
ingested protein and generates strong, abnormal anaphylac-
tic reactions. To protect the host against food allergen-
induced anaphylaxis, 1t 1s therefor ideal to pre-modily the
mucosal 1mmune system. Furthermore, the high patient
compliancy 1n oral administration, especially in children,
orves such a delivery system a significant advantage. It has
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been reported that oral delivery of DNA encapsulated in
poly-lactide-co-glycolide (PLG) microspheres can generate
Immune responses against rotavirus infections. Oral gene
delivery for correcting lactose 1ntolerance in a rat model has
also been achieved using an adeno-associated-viral vector
4> Chitosan is an attractive oral gene carrier because of its
reported adhesive and transport properties in the gut.
Furthermore, chiosan, when complexed with pDNA, can
form stable nanoparticles that can be endocytosed by cells in
the gastro-intestinal tract. Chitosan being a mucoadhesive
polymer, the DNA-nanoparticles might adhere to the gas-
frointestinal epithelia, transported across the mucosal
boundary by M-cells and transect epithelial and/or immune
cells 1n the gut associated lymphoid tissue either directly or
through “antigen transfer”, as suggested by the
3-galactosidase expression following chitosan-p43LacZ
delivery. In vitro studies have also shown that chitosan can
enhance trans and pericellular transport of drugs across
intestinal epithelial monolayers.

The anaphlaxis response 1n nanoparticle-immunized mice

indicates that significant protection can be achieved against
allergen challenge by oral delivery of a single dose of
plasmid DNA 1 particle formulation. Unfortunately, the
results of a single booster administration were 1nconclusive
indicating that further studies are necessary to investigate
the effect of multiple doses and kinetics for an optimal
vaccination protocol. The level of plasma histamine in the
booster group following challenge would not have suggested
anaphylactic protection. The fact that same degree of pro-
tection was still observed suggests that the pathogenesis of
allergic anaphylaxis in this murine model may be multifac-
torial.

While the above examples utilize an IgE response to
demonstrate principle, this 1s but one example of a useful
response elicited against an antigen. Any type of 1mmune
response may be modified by oral vaccination using the
nanospheres as taught herein.
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What 1s claimed 1s:
1. Amethod of eliciting an immune response 1n a mammal
against an antigen, comprising:

orally administering an 1immunogenic formulation com-
prising a solid nanoparticle of less than 5 um compris-
Ing a coacervate of a polymeric polycation and a
polyanion, wherein the polymeric polycation 1is
selected from the group consisting of gelatin and
chitosan, and wherein the polyanion consists of nucleic
acids encoding an antigen, whereby the antigen i1s
expressed and elicits an immune response 1n the mam-
mal.

2. The method of claim 1, wherein the nucleic acids
comprise an expression vector which comprises a promoter
operably linked to an oligonucleotide encoding the antigen.

3. The method of claim 1, wherein the antigen i1s an
allergen.

4. The method of claim 1, wherein the antigen 1s a food
allergen.

5. The method of claim 1, wherein the 1mmunogenic
formulation 1s formulated 1n a food.

6. The method of claam 1, wherein the immunogenic
formulation 1s formulated 1n a beverage.
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